We measure the infrared spectra of polyethylene nanostructures of height 15 nm using atomic force microscope infrared spectroscopy (AFM-IR), which is about an order of magnitude improvement over state of the art. In AFM-IR, infrared light incident upon a sample induces photothermal expansion, which is measured by an AFM tip. The thermomechanical response of the sample-tip-cantilever system results in cantilever vibrations that vary in time and frequency. A time-frequency domain analysis of the cantilever vibration signal reveals how sample thermomechanical response and cantilever dynamics affect the AFM-IR signal. By appropriately filtering the cantilever vibration signal in both the time domain and the frequency domain, it is possible to measure infrared absorption spectra on polyethylene nanostructures as small as 15 nm.
I. INTRODUCTION
Infrared (IR) spectroscopy is perhaps the most widely used technique for chemical identification of organic materials, but light diffraction limits the spatial resolution of most IR spectrometers to several micrometers. 1, 2 Many materials of current scientific interest consist of chemical domain sizes between 10 nm and 10 μm, which preclude the use of bulk IR methods to spatially resolve sample chemical composition. Example of such materials include pharmaceuticals, 2 organic thin films, 4, 5 self-assembled monolayers, 6, 7 and chemical nanostructures. [8] [9] [10] [11] Scanning probe techniques based on the atomic force microscope (AFM) can measure the infrared properties of materials with sub-100 nm spatial resolution, offering the potential for nanometer-scale infrared chemical imaging. [12] [13] [14] [15] [16] [17] [18] [19] Atomic force microscope-based infrared spectroscopy (AFM-IR) can measure IR absorption spectra with results that agree closely with bulk IR measurements, and this high resolution IR spectroscopic imaging is combined with the nanometer-scale spatial resolution of AFM. 20 Figure 1 shows the AFM-IR setup, in which an infrared laser of pulse duration 10 ns is incident upon a sample. The rapid photothermal expansion of the sample excites the cantilever into oscillation. The cantilever deflection provides a measure of the spectral absorbance of the sample in contact with the AFM tip. Previous publications report that AFM-IR can measure IR chemical absorption spectra with spatial resolution of about 100 nm on a variety of materials, including organic, 3, 5, [21] [22] [23] biological, [24] [25] [26] and semiconductor [27] [28] [29] samples. Although AFM-IR is capable of very high spatial resolution compared a) Author to whom correspondence should be addressed. Electronic mail:
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to bulk measurements, the magnitude of sample thermomechanical expansion decreases with decreasing feature size, making it difficult to measure absorption in features less than 100 nm in height. 21, 30, 31 There is a need to improve AFM-IR sensitivity to investigate absorption of nanostructures smaller than 100 nm.
Here, we report quantitative IR measurements on polymer nanostructures as small as 15 nm, which is about one order of magnitude improvement over state of the art. This measurement is enabled by a time-frequency domain analysis that reveals how the cantilever vibrational response depends upon the sample size, which affects the AFM-IR measurement through nanometer-scale heat transfer, sample thermomechanical response, and cantilever dynamics. Our analysis allows for significantly improved signal-to-noise ratio (SNR) during AFM-IR measurements.
II. MODELING AND SIMULATION
Heat transfer within the sample governs the duration of the mechanical pulse measured by the cantilever. The sample undergoes heating during the 10 ns IR laser pulse, followed by a cooling period determined by heat conduction from the sample to the surroundings. We used COMSOL to perform finite element simulations of heat transfer in hemispherical and half-cylinder polymer nanostructures irradiated by IR light by solving the conduction heat equation ρ = 950 kg/m 3 , and C p = 2000 J/kg K. 33, 34 The zinc selenide prism had thermal properties k = 18 W/m K, ρ = 5270 kg/m 3 , and C p = 343 J/kg K. 35 The air surrounding the polymer had temperature dependent thermal properties as included in the finite element software. The 10 ns laser pulse, modeled as uniform 10 ns heat generation within the structure, had a magnitude sufficient to raise the structure temperature by 5 K. The mesh size and time step were small enough to maintain convergence and stability.
The polymer nanostructure feature size determines the duration of the thermomechanical strain. 36 Figures 2(a) and 2(b) show schematics of the heat transfer in a polymer hemisphere and a polymer half-cylinder during irradiation. The generated heat within the polymer nanostructure caused by the IR laser pulse must leave through the air above and the prism below the structure. Figure 2(c) shows the max temperature over time for a hemispherical structure with height H and radius R equal to 100 nm and 300 nm. The results show that the feature expansion is independent of feature size, and depends only on laser pulse duration. However, the cooling time depends strongly on feature size, where H = R = 100 nm had a cooling time constant of 57 ns and H = R = 300 nm had a cooling time constant of 480 ns. on feature size. For the largest structures, the sample cools over several vibrational periods of a typical AFM cantilever. For the smallest structures, the sample cooling time is much smaller than the period of the highest frequency mode observed. Thus, we expect large samples with long cooling times to impart more energy to the first few cantilever modes, while very small samples with short cooling times would impart energy more evenly across all modes. Additionally, the results show that the cooling time depends weakly on feature width for features where R > H, so the feature height primarily affects cooling time.
We then modeled the response of an AFM cantilever beam subject to the expansion and contraction of an irradiated polymer nanostructure. The equation which governs the beam motion is
where E is the beam elastic modulus, ρ is the beam density, I is the bending moment of inertia, A is the beam crosssectional area, and γ is the damping coefficient. We modeled the beam using a time domain finite difference method as described in previous work. 38 We modeled the cantilever beam after triangular silicon probes used to perform the experiments, having material properties E = 169 GPa and ρ = 2330 kg/m 3 . Using the parallel beam approximation, 39 the equivalent rectangular beam was 80 μm wide, 220 μm long, and 0.55 μm thick. The input to the cantilever beam was modeled as an expansion and contraction at the cantilever free end, using the assumption that the cantilever tip does not deform the underlying structure. The surface expansion was linear in time over 10 ns with a maximum deflection of 1 nm, followed by an exponential in time contraction with the cooling time constant as an independent parameter. The model output was the slope of the cantilever free end averaged across the 35 μm diameter of the deflection laser.
III. EXPERIMENTAL RESULTS AND DISCUSSION
To study the effect of nanostructure feature size on the cantilever response, we fabricated polymer nanostructures of variable size using thermal dip-pen nanolithography (tDPN). 10 In tDPN, polymer is deposited from a heated tip onto a surface, forming polymer nanostructures as small as 10 nm. Adjusting the tip speed and tip temperature controls the polymer nanostructures widths and heights over the range 10 nm-1 μm.
11 Figure 1 (b) shows polyethylene dot and line nanostructures patterned this way, with the heights of the resulting polymer nanostructures between 10 and 100 nm. Here, the polymer nanostructure height is H and the half width is R.
We measured the thermomechanical expansion of the written polymer nanostructures with a nano-IR-AFM (Anasys Instruments). Figure 3 shows the time dependent frequency amplitude response of the cantilever during AFM-IR on polymer nanostructures of size H between 100 and 2000 nm and R between 400 and 3000 nm. The cantilever time response to the polymer nanostructure expansion consists of a nearly instantaneous excitation followed by a decaying oscillatory ring down lasting hundreds of microseconds. We averaged each time response over 256 laser pulses. A fast Fourier transform (FFT) converted the cantilever response to the frequency domain. The frequency domain peaks of Fig. 3 correspond to the cantilever vibrational modes during AFM-IR of the various nanostructures. It is clear from these results that the size of the polymer nanostructure affects how the vibrational energy is distributed across the cantilever vibrational modes. The higher-frequency modes become more prominent with decreasing size of the polymer nanostructure, with amplitudes on the same order of magnitude as the fundamental mode for features on the order of 100 nm tall.
We fit the cantilever beam model to experimental results using cooling times of 10 μs, 1 μs, and 0.1 μs, which correspond to H = 2000 nm, 600 nm, and 100 nm, respectively. The fitting parameters were the structure cooling time and the deflection laser spot size, which determined the cantilever vibrational mode amplitudes and the dip in amplitude near 1 MHz, respectively. Figure 3 shows the simulation result overlaid onto the experimental data, which compare well. The good agreement between measurements and simulation suggests that the model captures the key physical processes, and that the cantilever vibrational signal depends upon thermomechanical expansion of the polymer nanostructure, heat transfer within and from the polymer nanostructure, and the cantilever dynamics. This insight is consistent with a previous study, which noted that higher cantilever modes are sensitive to the laser pulse duration and sample cooling time. 20, 36 From the experiments and simulations described above, we observe that the cantilever vibration varies in both time and frequency, and that these variations depend upon the size of the nanostructure being measured. Published research on AFM-IR analyzes the cantilever response in terms of either peak-to-peak cantilever deflection in the time domain, or average amplitude measurements in the frequency domain. Additionally, a bandpass filter removes the cantilever response below 20 kHz and above ∼500 kHz, since most of the signal far away from the fundamental frequency is noise. We measure the relative contribution of the cantilever frequency response to the overall peak-to-peak value by recording the peak-topeak cantilever deflection while applying a 100 kHz bandpass filter with center frequencies between 100 and 3000 kHz. Figure 4 shows the peak-to-peak cantilever deflection in response to expansion of 2000 nm, 600 nm, and 100 nm tall nanostructures. For large structures, most of the peak-to-peak signal comes from lower frequency vibrations. As the feature size decreases, the majority of the peak-to-peak signal Normalized peak-to-peak measurements for a cantilever response during AFM-IR as a function of the center frequency of a 100 kHz bandpass filter. The peak-to-peak response for features 2000 nm, 600 nm, and 100 nm tall show that higher frequency vibrations contribute significant peak-to-peak signal for small structures.
comes from higher frequencies. The results of Fig. 4 indicate that higher modes can contribute an order of magnitude more peak-to-peak signal compared to the fundamental mode for measurements on small structures. The large difference in peak-to-peak amplitude contrasts the results of Fig. 3 , where higher mode amplitudes are on the same order of magnitude as the fundamental mode. The higher order modes decay more quickly in time compared to lower modes, even though the higher modes are much larger in maximum amplitude. These results demonstrate that conventional amplitude measurements in only the frequency domain or only the time domain do not capture the multi-modal, transient nature of the cantilever response. In order to measure the AFM-IR induced expansion in structures smaller than 100 nm, it is important to capture the broadband measurement response of many cantilever modes, while also filtering out measurement noise. A time-frequency domain analysis using a wavelet transform (WT) is well suited for such a signal that varies both in time and frequency. 40 Figure 5 shows the measured time response of the cantilever during AFM-IR of a 70 nm tall polyethylene nanostructure at an IR illumination frequency of 2920 cm −1 , and the corresponding response represented in both time and frequency domains after applying a continuous Morlet wavelet transform
Here, the time domain response, x(t), is transformed to a series of WT modulus, X(s, τ ), based on the convolution of x(t) with the complex conjugate of a mother (template) wavelet, (t), through variation of scaling parameter, s, and time shift, τ . The Morlet wavelet is well suited for capturing a transient dynamic response under impulse loads. The results in Figure 5 indicate that the impulse excites many cantilever modes that decay quickly in time. Higher The cantilever response as both a function of time and frequency computed using a continuous Morlet wavelet transform. The plot shows the time and frequency windows that contain the highest signal to noise. The regions not contained within both windows are mostly noise, and can be discarded. modes appear to decay more quickly than lower modes, which is why higher vibrational modes contribute much more amplitude to peak-to-peak measurements than average FFT measurements. At long times, much of the signal is noise, and so the FFT of the entire cantilever response contains a significant amount of noise. In order to maximize signal to noise, the noisy portions of the signal should be discarded. These noisy portions are located at times after the cantilever mode oscillations have decayed, as well as for frequencies not associated with cantilever vibrational modes. Averaging the signal within a window in the time and frequency domain provides an absorption measurement at a single laser wavelength, and increases the SNR by reducing overall measurement noise. The width of the time window was chosen such that the calculated average of the cantilever signal within the window resulted in the maximum SNR. Fitting a damped harmonic oscillator response to each peak in the FFT signal provided the frequency and quality factor of each resonant mode, which then determined the location and width of the frequency window.
We show how the WT windowing technique allows us to measure the IR absorption spectra of polyethylene features of height 70 nm and 15 nm. Figures 6(a)-6(c) show the measured IR absorption of the 70 nm structure calculated using peak-to-peak amplitude in the time domain, averaged FFT amplitude in the frequency domain, and averaged WT amplitude with applied time and frequency windows. The tip measured all data for each structure at a single point with a wavenumber resolution of 2 cm −1 . The measured spectra show two C-H stretch peaks for polyethylene, the antisymmetric C-H stretch at 2926 cm −1 and the symmetric stretch at 2850 cm −1 . The SNR, defined as the peak spectral absorption signal divided by RMS noise, was 47.9 for the WT windowing procedure, 29.4 for the peak-to-peak amplitude, and 12.3 for the FFT average amplitude. Absorption peak width and ratios between peak amplitudes also provide vital information for chemical identification, and the WT spectra represent better the width of the two absorption peaks and the amount of absorption between the two peaks. Figures 6(d)-6(f) show the peak-to-peak, averaged FFT, and WT spectra for the 15 nm tall feature. The WT technique showed a similar improvement over the standard approaches. In the case of the 15 nm structure, both peak-to-peak and averaged FFT fail to distinguish the C-H stretch at 2850 cm −1 , while the WT analysis clearly reveals this spectral peak. Thus, we have demonstrated AFM-IR on a structure as small as 15 nm, nearly an order of magnitude smaller than previous publications.
WT analysis could improve AFM measurements in a variety of ways. In AFM-IR, the improved sensitivity can enable 2D spatially resolved chemical imaging with high resolution by reducing data acquisition times. Additionally, since the pulse width is sensitive to sample heat transfer, AFM-IR WT analysis could measure characteristics of sample heating rate, sample thermal conductivity, or sample-substrate contact resistance. Time frequency domain signal processing also has significant applications in a variety of other AFM techniques, such as scanning joule expansion microscopy, 42 atomic force acoustic microscopy, 43 and piezoresponse force microscopy, where current FFT signal processing limits the techniques to temporally invariant signal analysis.
IV. CONCLUSIONS
We demonstrated AFM-IR on a 15 nm tall polymer nanostructure using time-frequency domain WT analysis. We first modeled the cantilever response to the laser induced sample thermomechanical expansion to understand the effect of sample feature size on AFM-IR measurements. Computational models of sample heat transfer showed that sample expansion time was insensitive to feature size, while sample cooling times were between 10 μs and 100 ns for structures between 1000 and 100 nm tall. Modeling the AFM cantilever response to the sample deformation further showed that decreasing the nanostructure size imparts more energy to higher cantilever modes, due primarily to the shortened duration of the nanostructure deformation. Frequency domain measurements of cantilever amplitude during AFM-IR on structures between 100 and 2000 nm tall confirmed that higher order modes had larger amplitudes for smaller structures. We further showed that the peak-to-peak amplitude of higher cantilever modes in response to the expansion of small nanostructures can be much larger than the fundamental mode, and that the higher order mode response decays quickly in time. Standard AFM-IR measurements, which restrict focus to the first few cantilever modes in either frequency or time, do not effectively capture the signal from the vibrating cantilever. To maximize the cantilever signal and filter out unwanted noise, we performed a WT analysis to capture the transient, multimodal cantilever response to excitation. Analyzing the cantilever response in the time-frequency domain allowed efficient noise filtering by applying windows in both time and frequency. We then demonstrated the enhanced sensitivity of WT analysis by detecting an absorption peak for a 15 nm tall polymer nanostructure, which was not detected using standard AFM-IR measurements.
